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By Bugene E. Lundquist
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This report is the Tirst of 2 series presenting the
‘results of strength tests on thin-walled eylinders and
truncated cones of circular and elliptical section; it
comprises the results obtained to date from torsion (pure
shear) tests on 65 thin-walled duralumin cylinders of cir-
cular section with ends clamped to rigid bulikheads. The
effect of variations in the length/radius and radius/thick-
ness ratios on the type of failure is indicated, and a
“sem;#bmpirical equation for the shearing stress at maximum
load is given.

INTRODUCTION

A survey made about a year ago of the available in-
formation and the methods employed in the design of
stressed-skin structures for aircraft revealed that the de-
sign of structures of this type is based largely upon the
results of experience and data obtained sither from tests
on structures similar to the one under considsration or
from tests on the particular structure under consideration.
A study of the existing reports of static tests upon mon-
ocoque fuselages and stressed-skin wings re'sulted in the
conclusion that very little reliable informationm of a funda-
mental character concerning allowable stresses could be ob-
tained from full-scale tests already made becanse n6 men-
tion was made of the properties of the material and be-
cause fallure of the structure as a2 whole was caused by a
variety of different types of failure in the sxin, rTein-
forcement, and connections. Consagquently, the National
Advisory'committee for Aeronautics, in cooperation with
the Army Air Corps, Wavy Bureau of Aeronautics, and the Bu-
reau of Standards, Department of (ommerce, has outlined a
research program to investigate stressed-skin structures
for aircraft,
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As a part of this research program an extensive series
of tests on thin-walled duralumin cylinders and truncated
cones of circular and elliptical section is being made at
Langley Field, Va., In - these tests, the absolute -and rela-
tive dimensions of the specimens are being varied to study
the types of fallure and to establish useful guantitative
data in the following loading conditions: torsion, com-
pression, bending, and comblined loading,

This report is the first of & series presenting the
results of these tests; it comprises the data obtained in
the torsion (pure shear) tests on thin-walled duralumin-
cylinders. Although the tests have not as yet been com-
pleted, it was thought advisable to publish the results
thus far obtained.

MATERIAL

The duralumin (Al. Co. of Am, 17ST) used in these
tests was obtairned from the manufacturer in sheet form in
thicknesses ranging from 0.0105 to 0,0228 inch. The prop-
erties of the material as determined by the Bureau of Stand-
ards from specimens selected at random are glven in Table
I. Typical stress-strain curves taken longitudinally and
transversely to the direction of rolling are given in Fig-
ures 1 and 2.

Upon reference to the above-mentioned table and fig-
ures it will be observed that the modulus of elastlicity is
gubstantially the same in the two directions of the sheet
but that the ultimate strength and yield point are consld-
erably lower transversely to the direction of rolling than
longitudinally. However, as all the cylinders tested
falled at stresses considerably below the yield-point
stress, the difference in the strength propertles in the
two directions has no bearing on the results. :

SPECIMENS

The test specimens consisted of right circular cylin-
ders of 7.5 and 15.0 inch radius with lengths ranglng from
2.25 to 45.0 inches, which were constructed in the follow-
ing manner. First, a duralumin sheet was cut to the di-
mensions of the developed surface, The sheet wag then
wrapped about and clemped to the end bulkheads. (See figs.
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3, 4, and 6,) With the cylinder thus assembled, a butt .
strap 1 inch wide and of the same thickness as the sheet .
was fitted, drilled, and bolted in place to close the.
seam., In the assembly of the specimen, care was  taken to
avoid having either "soft spots" or wrinkles in the walls
when finally constructed, o

The end bulkheads, to which the loads were applied,
were each constructed of two steel plates one-~-fourth inch
thick separated by 1% inches of plywood core. These parts
were bolted together and turned to the specified outsiie
diameter. Steel bands approximately one-fourth inch thick
were used to clamp the duralumim sheet to the bulkheads..
These bands ‘were bored to the same diameter as the bulk-
heads,

APPARATUS AND METHOD

The thickness of each sheet was measured to an esti-
mated precision of 10.0003 inch at a large number of sta-
tions by means of a dial gauge mounted in a special jig.
The average thicknesses of the sheets were used in all
calculations of redius/thickness ratio and stress,

A photograph of the loading apparatus used in the
torsion tests is shown in Figure 3. The load from the
jack was applied through a thrust bearing to a yoke, 3By
means of a flexible cable that passed over a series of pul-
leys, half of the load was transmitted to one end of the
lower horizontal beam as an up load and the other half was
trangmitted through the rectangular frame to the other end
of the same beam as a down load. In this manner torgue,
unaccompanied by transverse shear, was applied to the spec-
imen. A shear load on the cylinder caused by the welight
of the apparatus, including the forward bulkhead and band,
was balanced by & counterweight as shown in Figure 3.

In order to determine the posslble errors caused by
friction in' the joints of the frame, a special test was
made in which the moment applied £o..the lower beam was
measured directly and compared: with the moment calculated
from the forcs applied by the. jack. These two moments
were found to agres within 1 per cent throughout the range
of moments applied.

Loads were applied Dby the jack in increments of about
1 per'cent of the estimated load at failure, except after
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the first few tests had besen made when the first increment
of load was about half the estimated load at first wrinkioe.
At first wrinkling one ‘or more dlagonal wrinkles bogan %o
form and grew steadily in size and number until failure
ocecurred by a sudden increase in deformation and the for-
matlon of wrinkles in the complete circumference. (See
fig., 4.,) In all the tosts 5 to 10 minutes elapsed from

the timo that 1oad was first applied to the specimen until
failure occurred .

For the very short specimens (length/radius ratios of
0,5 or less) deformation following failure was accompaniocd
by an incredse in load, whoreas for all: ofher specimens_
doformation following failuro was accompanied by a decrense
tn 1oad, (See fig. 5.) In order to .insure that the record-
ed loads at failure for the short specimons were corroct,
two dial gauges were usod to measure the twist of the cyl-
inder between bulkheads (fig. 6) -and tho load at which a
sudden increase in deformation occurred, as determined
from a load deformation curve, was recorded as the load nt
failure.- '

« . f . .. —
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. nﬂ:scussrou OF . RESULTS

The strength of thin walled circular tubes subjected
to torsion has been ‘treated theoretically in references 1 ¢
and 2. .In reference 1 equations are given from which it
is psssible to calculate the critical stress but the compu-
tations are tedious and involved and have been made only
for radius/tnlckness ratios far below those usually en-
countersd in stressed-skin structures for aircraft. 1In
reference 2 ralatively simple equations are gilven for the
critical stress but these could not be checked by the ro-~
sults herecin reported. Consequently. no consideration is
given to the correlation of the experimental results with
theory in this report., However, when the general lanvestl-
gation of the strength of thin-walled cylinders 1s com-
pleted this correlation will be attempted.

The results shown in Eigures 7 .8, and 9 are self-
explanatory. They 'show that for geometrically similar
eylinders,' the nunbex . of shear .wrinkles, the angle betwoen
the wrinkles and the. cylinden elements when the wrinkles
gtart to form; ‘&nd ‘tke shearing stress at failure, are
constant. For any glven value of "the - rqdius/thickness ra-
tio, the number of shear wrinkles, the angle betwscn tho
wrinkles ‘and thé ¢ylinder ¢lemonts when the wrinkles start

N A . : g
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to form, and the shearing stress at fallure all decrease.
with increase in the 1ength/radius ratio. For any given

. value of the length/radius rotio, the number of shear wrin-
kiles increases with increase in the radius/thlckness ratio,
but the angle between the wrlnkles and the cylinder ele-
mentg. when the wrinklses start to form and the shearing
stresg at failure both decreass.

. .As first wrinkling occurred in many of the specimens
before failure, shearing stress at first wrinkle as a per-
centage of shearing stress at fallure has been plotted
azainst the length/radius ratio in Figure 10, It will be
noted that the polnts scatter wldely but show a general
tendency feor first wrinkle to ocecur at a lower percentage
of stress at failure for the thinner sheets than for the
thicker sheets. This fact is attributed to the presence
of waves and dents in the thinner sheets which caused the
cylinders constructed from this material to be, relatively
speaking, less perfect than cylinders constructed from the
thicker material,

As the experimental points for shearing stress at
failure in Figure 9 plot along smooth eurves irrespective
of the wide scattering of the points for stress at first
wrinkle in Figure 10, it is concluded that the presence
of first wrinkling did not reduce the strength at failure
to any appreciable extent.

An examination of the data plotted in Figure 9 indi-
cated that the shearing stress at failure could be given
very closely by an equation of the general form

K
!.__n
Q

where, for a given material, n is a constant and K 1is
a function of the 1angth/radius ratio of the cylinder. 1Imn
this egquation K has the dimensions of a stress,  As the-
.oretical caleculations always show that the stress at which
~elastic instability occurs varles directly with B, the
modulus of elasticity, equation (1) will be written in the
following form:

Se (1)

Sg = E’{ﬁ o : . (2)
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where Xg 1s a nondimensional constant. In all the cal-
culations for the evaluation of K and ne the secant
modulus for Sg, the stress at failure;~is’substituted
for E. ' S -

The numerical value of n 1is established by the neg-
ative slope of straight lines on the logarithmic plot of
Sg/E against r/t in Figure 11. Actually, the value of
n .+ig not constant but varies somewhat with length/radius
ratio, . FPor the purpose of this report, nowever, an avor-
age value of 1,35 was used, S

Yalues of K for n = 1,35 'have been calculated
for each test and plotted in Figure.l2., In this figure
the greatest dispersion of the points occurs at a length/
radiuvs ratio of 1.0 for the 7.5-inch-radius cylinders with
radius/thickness ratios between 830 and 700, (Consequent-
1y, the dispersion of all other points may be considered
to be within the experimental error,

Strictly speaking, equation (2) with the values of n
and K, derived from these tests applies only to duralu-
min cylinders for the range of lengths, radil, and thilck-
nesees tested. It 1s now planned to extend the tests upon
duralumin cylinders and also to make a few tesis upon stool
cylinders in order to generallze the concluslions or to make
such modifications to them as may be necessary, particu-
larly at low values of the length/radius ratio.

CONCLUSIONS

1. For geometrically similar cylinders, the number of
shear wrinkles, the angle between the wrinkles and the cyrl-
inder elements when the wrinkles start to form, and the
shearing stress at failure, are constant,.

2. For any given value of the radius/thickness ratio,
the number of shear wrinkles, the angle botween the wrin-
kles and the cylindor olements when the wrinkles start to
form, and the shearing stress at failure all decrcaso with
increass in the length/radius ratio, )

3., Por any given value of the 1ength/radius ratio, tho
number of shear wrinkles increases with increase in the
radius/thickness ratio, but the angle betwesn the wrinkloes

-
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ani the cylinder elements when the wrinkles start to form
and the shearing stress at fallure both decrease,

4. ‘'The presence of slight imperfections in the cylin-
der may cause wrinkling to occur at loads consideradbly be-
low the load at failure, but these imperfections apparent-
ly do not reduce the strength at faillure to any apprecia-
ble extent.

B. The shearing stress at failure for thin-walled du-
ralumin cylinders may be given very closely by an equation
of the form

Kg E
T n
(3
where n 1s a constant and Kg varles with the 1ength/
redius ratio, I/r. As a tentative valus, 1n may be as-
sumed egual to 1.35. Values of Kg corresponding to this

value of n are given by the falred curve in Filgure 12 or
by the following table:

5g =

i/r 0.2 0.25 0.3 0.4 0.5 0,75

1.0 1.5 2.0 3.0 4.0 5.0

Xe 3.3 2.75 2.,45 2,02 1.78 1,45

1.27 1.06 .94 .78 .68 «61

Langley Memorial Aéronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., July 25, 1932,
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TABLE I. PROPERTIES OF SHEET DURALUMIN USED IN STRENGTE TESTS OF THIN-WALLEL CYLINDERS

| Modulus of Elasticity
Ultimete ! Tensile Elongation Secant modulus Secant mogulus
Matarial tensile yield in 2 inches at a stress of al a stress of
strength point 5,000 1b. per sq.in.|30,000 1b. per sg.in.
(1b. per sg.in.)!(lb, per sq.in.)| (per cent) (1b. per sg.in.) (1b. per sg.in.)
Lot §§§g- Longi- {Trans- | TLongi- [Trans- |Longi~ |Trans-| ZLongi- Trans- Longi- Trans~
"NGS. | tudinal|verse tudinali verse |iudinallverse tudinal YErse tudinal | verse
1] 17 | 58,500 {55,500 | 41,400 {36,500 | 18 16.5 |10,620,000{10,720,00010,510,000{10,520,000
1|34 | 59,400 [56,600 | 42,500 |37,100 | 15 16.5 |10,720,000{10,770,000 10,580,000 (10,570,000
2 | 48 57,300 36,800 16.5 10,56%0,000 10,340,000
2 | 80 |58, 800 %5, 800 13.0 10,550,000 10,380,000
31 55 58,200 36,500 18.0 10,470,000 10,270,000
2170 57,800 35,800 16.0 10,660,000 10,440,000
3 2A 62,8580 49,750 19.3 10,270,000 10,130,000
3 114 62,800 41,000 14.0 10,430,000 10,1_90,000
3 1 4BA 61,550 38,750 19.0 10,550,000 10,350,000
3 | 634 61,400 39,050 18,5 10,110,000 10,060,000
3 68A €l,400 37,900 18.5 10,410,000 10,070,000
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Fig. 3 Loading apparatues used in torsion tests.
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Load at failure
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Flg.5 Load-deformation curves for long and short cylinders.
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Fig. 6 Apperatus showing - gauges
uged to measure the twist of
the cylinder between bulkheads,
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Stress at first wrinkle, per cent of stress

at fallure
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